Objective: Microvascular pathophysiology that uniquely manifests as white matter (WM) abnormalities is often implicated in type 1 diabetes mellitus (T1DM)-related central nervous system (CNS) complications. This study sought to identify regional WM abnormalities in young adults diagnosed with T1DM and further examine their association with cognitive and emotional dysfunction.
| INTRODUCTION
Long-term hyperglycemia in type 1 diabetes mellitus (T1DM) has been considered an important contributing factor to diabetes-induced complications in the central nervous system (CNS).
1,2 Emerging evidence suggests that structural and neurometabolic deficits in the fronto-temporo-parietal brain regions can lead to emotional and cognitive changes related to chronic T1DM. [3] [4] [5] [6] Given that the frontotemporo-parietal regions are known as late-myelinating areas, 7 these brain regions may be more vulnerable to detrimental effects of certain environmental factors as compared to other brain regions. In particular, it is suggested that the fronto-temporo-parietal regions may be more vulnerable during periods of active brain development such as throughout childhood and adolescence. 7 Similarly, previous studies provide supporting evidence that the structural and neurometabolic alterations related to T1DM, which is usually diagnosed during childhood, may be prominent particularly in the fronto-temporo-parietal regions. 3, [8] [9] [10] [11] Considering the well-known microvascular alterations of white matter (WM) in prolonged hyperglycemic conditions, [12] [13] [14] [15] it is important to focus on the fronto-temporo-parietal WM regions in investigating T1DM-related brain structural abnormalities. 16 In this study, we examined fractional anisotropy (FA), a sensitive marker for microstructural alterations in WM integrity, in both young adults with T1DM as well as healthy individuals using diffusion tensor imaging (DTI). We expected to observe T1DM-related deficits in the fronto-temporo-parietal WM regions. 16 In addition, we focused on the working memory domain as a neurocognitive substrate of T1DM-related fronto-temporo-parietal WM deficits, considering its significant role in memory-related processes. 14 As working memory performance appears vulnerable to diabetes-related metabolic changes, 5, 6, 17, 18 it may improve with better glycemic control. 19 We also examined relationships between the magnitude of FA reductions of the frontotemporo-parietal association fibers and Hamilton Depression Rating Scale (HDRS) scores. 20 2 | METHODS All subjects provided written informed consent, as approved by the institutional committees on human subjects of the institution.
| Study participants

| Clinical and cognitive assessments
Clinical information on diabetic and metabolic characteristics of each subject was acquired from the medical records and laboratory tests.
Long-term glycemic control levels were determined by averaging all available values of hemoglobin A1c (HbA1c) taken from the subject's medical records, which were then grouped and time-weighted every 4 years since the onset of the illness. were converted into z-scores using group means and SDs of the control subjects.
| MR image acquisition and processing
All MR imaging was performed using a 1. 
| Statistical analysis
Demographic and clinical variables were compared between young adults with T1DM and healthy individuals using the independent t test or χ 2 test.
For the voxel-wise comparisons of FA values, the general linear model was performed to examine the group effects (T1DM vs control) while adjusting for age and sex. Between-group comparisons were performed by comparing T1DM with control, while regressing out the linear effects of age and sex as confounding variables. The number of random permutations was set to 5000. All statistical analyses were corrected for multiple comparisons using the thresholdfree cluster enhancement (TFCE) approach. 25 Results of the TFCEthreshold voxel clusters were deemed significant at P < .005. 3 | RESULTS
| Between-group differences in FA values
There were no differences in demographic and clinical characteristics between the 2 groups except the performance on memory function (t = 2.23, P = .03) ( Table 1 ). cognition. 29 The current findings of region-specific T1DM-related WM alterations are consistent with those found in the previous reports on structural, neurometabolic, and functional abnormalities in the frontotemporo-parietal areas of the brain in T1DM. 3, [8] [9] [10] [11] 16, 30 Considering that the onset of T1DM is typically during childhood and adolescence, 31 metabolic alterations caused by T1DM may disrupt WM which is actively developing and myelinating during this period. 6, 7, 32 In addition, regional characteristics of high insulinreceptor density and high cerebral energy requirement may also render the fronto-temporal areas to become more vulnerable to abnormal brain glucose levels. 6 Notably, performance on working memory and subsyndromal depressive symptoms were correlated with WM microstructural alterations in the fronto-temporo-parietal regions in young adults with T1DM. Such findings provide evidence for the clinical and behavioral relevance of T1DM-related WM changes, given that memory and emotional regulation are higher cognitive functions, which require network-based control of major cortical areas such as the prefrontal and temporal lobes. 33 Decreased integrity of the SLF, a major WM association fiber connecting the prefrontal, parietal, and temporal lobes, is thought to be responsible for impaired working memory performance in several neuropsychiatric disorders. 34 This study suggests that WM tract disruption and its subsequent disruption in the network efficiency between the frontal, parietal, and temporal regions through the SLF may indeed contribute to decreased memory function, particularly in the working memory of young adults with T1DM.
Emotional disturbances including depression have been considered as the most important neurobehavioral complications in T1DM. 35 The loss of WM integrity in several brain regions including the orbitofrontal, deep temporal, and cingulate cortices have frequently accompanied emotional dysregulation as well as subsequent development of depression. 36 Considering that major WM tracts within the fronto-temporo-parietal regions are affected by metabolic dysfunction, it may also be expected that one's susceptibility to depression would be increased from such WM abnormalities as well. b Data are age, sex, and educational-level-adjusted z scores which were calculated using group means and SDs of control subjects.
Although this needs to be confirmed in a relevant T1DM sample that is comorbid with current depression, inefficient connections between the prefrontal and deep temporal regions could potentially contribute to the development of depression in young adults with T1DM. Our assumption is supported by the observed correlation between reduced WM integrity localized on these prefronto-limbic areas and depressive symptoms, despite the fact that the level of depressive symptoms observed in the current sample was subclinical.
Microangiopathy constitutes one of the major pathophysiological mechanisms underlying T1DM-induced CNS complications.
36,37
Measurement of WM hyperintensities has therefore been focused in earlier neuroimaging studies on T1DM. 5 However, results from our previous study using the focal WM hyperintensities did not show any significant increase in WM lesions in young adults with T1DM, 21 despite their similarity in clinical characteristics to the current sample.
This suggests that DTI may be better suited to detect subtle abnormalities of WM organization during the early stages of the disease.
Previous studies using multi-ROI and tractography approaches have demonstrated FA value reductions in the posterior WM tracts including optic radiations and posterior corona radiata.
12,13,26,38,39
Although the current study also found an involvement of the left posterior WM tracts in young adults with T1DM, more prominent Significant clusters of voxels were calculated by the TBSS analysis for the differences of FA values between young adults with T1DM and healthy individuals, while adjusting for age and sex after the TFCE-correction for multiple comparisons at P < .005 (regions in orange color of FA templates in Figure 1A ). The minimum cluster size is greater than 100 voxels.
a Most probable anatomical localizations of each cluster were determined based on the John Hopkins University DTI-based white matter atlas. findings were observed in the fronto-temporo-parietal WM regions.
It is noteworthy that sample heterogeneity as well as methodological differences across studies may have contributed to this discrepancy.
In addition, we found a negative relationship between current
HbA1c and FA values in individuals with T1DM. This suggests a need for future longitudinal studies to examine whether improved glycemic controls may be associated with reversing the progression of WM abnormalities.
Diabetes-specific clinical characteristics including long-term glycemic control levels, severe hypoglycemic episodes, and the duration of illness were not correlated with FAs in the current T1DM group Table 2 . Images in the right column in an orthogonal orientation (coronal, axial, and sagittal) display the fronto-temporal white matter ROIs (regions in red color), which were determined on the TBSS skeleton of each cluster (A, left superior longitudinal fasciculus ROI; B, right inferior fronto-occipital fasciculus ROI; C, right superior longitudinal fasciculus ROI). FA, fractional anisotropy; MNI, Montreal Neurological Institute; ROIs, regions of interest; T1DM, type 1 diabetes mellitus; TBSS, tract-based spatial statistics S1 ). These findings contrast with previous reports on T1DM, in which negative correlations were found between the duration of illness 39, 40 38 as well as a lower rate of microangiopathy 15 than those in previous studies. Such characteristics of our T1DM sample may have partially affected the possibility of detecting the abovementioned correlation in the current study.
The interpretation of our study is limited primarily by a small sample size, although a large effect size of group differences in FA value differences ensured adequate statistical power. Future longitudinal studies with a larger sample size of individuals diagnosed with T1DM would be necessary to provide important information regarding the natural progression of WM changes related to T1DM, as well as its clinical implications.
Considering recent advances in DTI methodology, the use of 1.5
Tesla MR scanner with the 6 diffusion gradients could have limited opportunities for more sophisticated analyses of WM microstructures, even though higher magnetic fields may also raise more artifacts in DTI. 41 The results from the present study provide evidence of WM microstructural alterations that occur predominantly in the frontotemporo-parietal regions in young adults with T1DM. These abnormalities in the fronto-temporo-parietal association fibers may be the underlying neuroanatomical basis for cognitive and emotional disturbances in young adults with T1DM. The current findings also suggest that DTI analysis allows for a sensitive determination of diabetesinduced WM structural integrity that may then facilitate earlier detection of T1DM-related CNS complications.
